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Abstract
 .We found an autophosphorylated protein with a molecular weight of 40 kDa p40 in the crude annexin fraction of rabbit
gastric mucosa, i.e., the materials released by EGTA from the membrane fraction obtained in the presence of Ca2q. This
protein was enriched in chief cells in the gastric glands, and also found in the heart and the liver by Western blotting. The
protein bound to phenyl-Sepharose in the presence of Ca2q and showed extremely basic nature. The phosphorylation site of
p40 was considered to be histidyl residue based on the stability to the various agents, the synthesizing activity of ATP from
ADP, and the results of phosphoamino acid analysis. The autophosphorylation of p40 was augmented several tenth fold by
GDP, Ras, myelin basic protein, or H1 histone at micromolar range. The phosphorylated form was rapidly dephosphorylated
in the presence of cold ATP, succinate, and CoA, suggesting that p40 has succinyl-CoA synthetase activity. In fact, a
peptide fragment from p40 showed a striking homology with the a subunits of succinyl-CoA synthetases from Escherichia
coli, Dictyostelium discoideum, and rat liver. These results suggest that p40 is extramitochondrial a subunit of
succinyl-CoA synthetase or its homologue.
 .Keywords: Calcium-dependent membrane-bound proteinq ; Gastric mucosa; Phosphorylation; Rabbit
Abbreviations: p40, a 40-kDa protein; MBP, myelin basic
 .protein; Hepes, 4- 2-hydroxyethyl -1-piperazine-ethanesulphonic
acid; Pipes, 1,4-piperazinediethanesulphonic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
NEPHGE, non-equilibrium pH gel electrophoresis; Tris, 2-
amino-2-hydroxymethylpropane-1,3-diol; PVDF, polyvinylidene
w . xdifluoride; CHAPS, 3- 3-cholaminopropyl dimethylammonio -
1-propanesulphonic acid; CAPS, 3-cyclohexylamnopropane-
sulphonic acid; SDH, succinate dehydrogenase
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1. Introduction
Although it is already established that Ca2q is an
important mediator in the various types of secretory
cells, the actual target of Ca2q in the secretory
machinery is still obscure. Among a lot of candidates,
recent studies have focused on a series of proteins
which bind to membranes depending upon Ca2q.
These proteins, now categorized as annexin family,
are now considered to be a strong candidate for the
2q w x 2qtarget of Ca 1 . There is no doubt that Ca plays
important roles in the gastric mucosal cells as well,
w xe.g., acid secretion in the parietal cell 2 and
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w xpepsinogen secretion in the chief cell 3 , however,
no reports have come out so far concerning the
involvement of annexins in the gastric mucosal cells.
In the first step of the present study, our aim was to
elucidate the possible involvement of this type of
proteins in the gastric function by analyzing the
annexin-rich fraction from rabbit gastric mucosa.
There is also a consensus that protein phosphoryla-
tion plays a key role in the intracellular events fol-
w xlowing receptor activation of gastric secretion 4 . We
have recently reported that the level of phosphoryla-
tion in the parietal cell is controlled by the relative
activities of protein kinases and protein phosphatases
w x5 . In this connection, we were interested in the
phosphorylating potential of the annexin rich fraction
from rabbit gastric mucosa, and found a protein of
about 40 kDa with extremely high autophosphorylat-
ing activity in the fraction.
Recently, several proteins of 36 to 40 kDa, whose
histidine residue is phosphorylated, have been iso-
w xlated from the cytosol of ameba 6–8 or rat liver
w x9,10 . Although their function is still unknown, the
protein from ameba has been found to be a subunit
of succinyl-CoA synthetase and suggested to be in-
volved in the energy supply in the chemotachisis, or
w xrelated to the starvation level 8,11 . It was also
reported that Ca2q is involved in the activity of the
protein from ameba, but the precise mechanism is
unclear.
 .We now report that our 40-kDa protein p40
present in the fraction containing Ca2q-dependent
membrane bound proteins is autophosphorylated on
its histidyl residue with similar nature of the a
subunit of succinyl-CoA synthetase, and its activity is
activated by GDP as the one in the ameba, and is
activated by Ras as the one in the rat liver.
2. Experimental procedures
2.1. Materials
New Zealand white rabbits, weighing about 2.5 kg,
were obtained from Japan Laboratory Animals
 .  .Tokyo . Ras protein human recombinant was a gift
from Prof. S. Yokoyama, Department of Biochem-
istry, University of Tokyo, and used after repeated
methanol precipitation. DEAE-Sepharose, Phenyl-
Sepharose, CM-Sepharose, Ampholine, Percoll, and
Ficoll 400 were purchased from Pharmacia. Mimetic
 .Yellow, H1-histone, and myelin basic protein MBP
were from Funakoshi. Anti-annexin panel kit was
from Cosmo-bio, and other chemicals were from
Sigma.
2.2. Purification of a 40-kDa phosphoprotein from
rabbit gastric mucosa or isolated cells
Rabbit gastric parietal cells and chief cells were
w xobtained as previously described 12 by pronase
digestion of isolated glands followed by Percoll den-
sity gradient.
Crude annexin fraction was obtained according to
w xSudhof et al. 13 with some modifications. Briefly,
rabbit gastric mucosae or isolated cells were homoge-
nized with 150 mM NaCl, 2 mM CaCl , 10 mM2
 .Hepes-Na pHs7.4 , 0.1 mM phenylmethanesulfony
fluoride by Teflon homogenizer and centrifuged at
48C and 30 000=g for 20 min. The pellet obtained
was washed twice with the same buffer as above, and
homogenized with 150 mM NaCl, 5 mM EGTA, 10
 .mM Hepes-Na pHs7.4 and incubated on ice for
30 min. The supernatant of the sample after centrifu-
gation of 30 000=g for 20 min was further cen-
trifuged at 100 000=g to get the supernatant as the
crude annexin fraction.
In some experiments, the pellet washed once was
suspended in the buffer containing 18% Ficoll 400
and centrifuged at 100 000=g for 120 min. The
membranes, floating on the top of the Ficoll layer,
and the pellet were harvested as the light membrane
fraction and the mitochondria-rich fraction, respec-
tively, and both were extracted with EGTA-contain-
ing buffer as described above.
The histidine kinase activity in the crude annexin
fraction was purified as follows. The fraction was
passed through a DEAE-Sepharose column 2=10
.cm equilibrated with the same buffer for the sample
extraction. The eluate was dialyzed against 150 mM
 .NaCl, 10 mM Hepes-Na pHs7.4 in order to re-
move EGTA, and brought to 2 mM CaCl . In some2
cases, 7 mM CaCl , namely, 2 mM excess over2
EGTA was added omitting the dialysis process. The
sample was applied on a Phenyl-Sepharose column
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 .2=5 cm equilibrated with 150 mM NaCl, 2 mM
 .CaCl , 10 mM Hepes-Na pHs7.4 . After washing2
with this buffer until OD280 of eluate reached the
baseline, the material eluted by 10 mM EGTA-Tris
 . pHs7.4 was collected. This fraction Phenyl-Sep-
.harose fraction was brought to 10 mM ammonium
bicarbonate and applied on a CM-Sepharose column
 .2=5 cm equilibrated with this buffer. The elution
was performed with the gradient of 50 to 400 mM
 .ammonium bicarbonate 60 ml total and the frac-
tions between 170 and 250 mM were pooled, concen-
 .trated by Centriprep-30 Amicon and used for the
 .following experiments CM-Sepharose fraction . In
some cases, CM-Sepharose fraction was applied to
 .Mimetic Yellow 0.5=2 cm and eluted with 2 M
NaCl to obtain further purified material.
2.3. Protein phosphorylation
Protein phosphorylation was performed in 40 mM
PIPES-Tris, pH 6.5, 1 mM dithiothreitol, 10 mM Mg
6 7 32  .acetate, 10 -10 cpm of P-ATP 0.1 mM at room
w xtemperature for 15 min 5 or otherwise indicated.
The reaction was usually terminated with the addition
of a solubilization buffer to bring 10 mM Tris pHs
.6.8 , 60 mM dithiothreitol, 2% SDS, 2.5% glycerol
 .and analyzed by SDS-polyacrylamide 10–12% elec-
trophoresis. As phosphohistidine is unstable under the
acidic condition, the staining and destaining of the
gel was completed within 30 min, and the dried gel
 .was analyzed by autoradiography Kodak X-Omat or
 .by BAS-2000 imaging analyzer Fuji Film Co. Ltd.
to quantify the phosphate incorporation into the band
of interest.
When the synthesis of ATP from phosphorylated
p40 and ADP was examined, the CM-Sepharose frac-
tion was phosphorylated as above and the reaction
was terminated with acetone precipitation. The pellet
was washed several times with cold acetone to re-
move nucleotides, dried, and reconstituted with 40
mM PIPES-Tris, pH 6.5, 1 mM dithiothreitol, 10 mM
Mg acetate in the absence or presence of 0.1 mM
ADP. After the incubation for 15 min at room tem-
perature, the sample was analyzed by thin-layer chro-
matography using a polyethyleneimine coated cellu-
 .lose plate Merck which was developed in 0.75 M
 .KH PO pHs3.4 . The radioactive ATP was visu-2 4
alized by autoradiography.
2.4. Electrophoresis
SDS-polyacrylamide gel electrophoresis SDS-
.PAGE was generally performed according to
w xLaemmli 14 . In order to identify pepsinogen in the
fraction, a native gel electrophoresis followed by a
zymography was employed. Briefly, the sample was
separated on a 7.5% polyacrylamide slab gel using 10
mM Tris-acetate, pHs7.0. The lane was cut out,
 .soaked in 50 mM glycine-HCl pHs2.0 containing
4% bovine hemoglobin for 30 min, rinsed with the
same buffer without substrate, and incubated in a
plastic bag for 30 min at 378C, and stained with
Coomassie blue to identify the position where acid
protease activity existed. The paired gel strip was put
 .horizontally on a second slab gel 12% and SDS-
PAGE was performed to identify the molecular weight
of the bands corresponding to the activity.
As our protein did not get into the isoelectric
focusing tube gel by the usual technique because of
its highly basic nature, we employed a non-equi-
 .librium pH gel electrophoresis NEPHGE for the
first dimension of two dimensional gel electrophore-
sis. The sample was brought to 2% Nonidet P-40, and
applied on a tube gel with 1 mm diameter consisted
w xof 1.4% Ampholine 3–10 , 4% polyacrylamide, 2%
CHAPS, 9 M urea. Electrophoresis was performed at
400 V constant voltage for 3.5 h using 10 mM
ethanolamine for anode and 10 mM glutamic acid for
cathode using a tube gel electrophoresis unit Hoeffer
.GT2 under the reversed polarity. The tube gel was
treated with 2% SDS, 50 mM dithiothreitol, 25 mM
 .Tris-HCl pHs6.8 for 15 min and 12% SDS-PAGE
was performed as the second dimension.
The renaturation assay of kinase was performed
w xessentially according to Celenza and Carlson 15 . In
brief, the sample separated by SDS-PAGE was blot-
 .ted on a PVDF membrane BioRad by using a
 .semi-dry blotting equipment Nihon Eido with 10
 .mM CAPS pHs11.0 , 10% methanol. The mem-
brane was then incubated for 1 h in 6 M guanidine
 .HCl, 50 mM Tris pHs8.3 , 50 mM dithiothreitol, 2
mM EDTA, and renatured by overnight incubation
with a renaturation buffer containing 20 mM Tris
 .pHs7.5 , 150 mM NaCl, 2 mM dithiothreitol, 2
mM EDTA, 0.1% NP-40, 2% glycerol at 48C. The
membrane was incubated with the renaturation buffer
containing 0.2% polyvinylpyrrolidone, 0.2% Ficoll,
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20 mM sodium pyrophosphate for 1 h at room tem-
perature and followed by a kinase buffer containing
 .50 mM Hepes pHs7.5 150 mM NaCl, 0.1% Tri-
ton X-100, 10% glycerol, 20 mM leupeptin, 100
mrml aprotinin, 0.1 mM phenylmethanesulphonyl
fluoride, 10 mM magnesium acetate, 5 mM g- 32P-
ATP for 30 min. The membrane was then washed
 .twice with 30 mM Tris pHs7.5 , once with 30 mM
Tris containing 0.05% NP-40, once with 30 mM Tris,
treated with 1 M KOH for 5 min, washed 4 times
with water, dried, and subjected to autoradiography.
2.5. Phosphoamino acid analysis and synthesis of
phosphohistidine
The CM-Sepharose fraction was phosphorylated in
vitro as above, separated by SDS-PAGE and the
40-kDa band was cut out. Analysis for phospho-
serine, phosphothreonine, phosphotyrosine was per-
w xformed as described 16 . The sample was digested
by TPCK-treated trypsin and hydrolyzed in 3 N HCl
at 1108C for 4 h and analyzed on a two dimensional
cellulose thin layer electrophoresis. The analysis of
N-phosphoamidates was performed as described
w x17,18 . The trypsinized material was hydrolyzed in 2
N NaOH at 1108C for 4 h, then separated on a two
dimensional silica gel thin layer chromatography em-
ploying two solvent systems. The first system, which
was for the separation of phosphohistidine, phospho-
arginine, and phospholysine, was composed of tert-
butanol:methylethylketone:acetone:methanol:water:-
ammonia 10:20:20:5:40 for the first dimension and
isopropanol:HCOOH:water 20:1:5 for the second di-
mension. The second system, which was for the
separation of 1-phosphohistidine and 3-phos-
phohistidine, was composed of chloroform:meth-
anol:17% ammonia water 2:2:1 for the first dimen-
sion, and phenol:water 75:25 for the second dimen-
sion. For the standards, phosphoarginine and phos-
pholysine were purchased from Sigma Chemical,
while phosphohistidine was synthesized from histi-
w xdine and phosphoryl chloride as described 19 .
2.6. Production of antibody
The 40-kDa protein was purified by SDS-PAGE
and injected to mice in order to produce monoclonal
antibody, but the protein did not seem to be anti-
genic. Therefore, we injected the gel pieces biweekly
for 6 weeks into the rats to obtain antisera.
3. Results
3.1. Identification and purification of 40-kDa protein
Proteins which bind to membranes in the presence
2q  .of Ca crude annexin fraction could be obtained
by EGTA treatment of the membrane fraction har-
vested from tissue homogenate in the presence of
Ca2q. In case of rabbit gastric mucosa, the fraction
mainly consisted of two protein bands around 45-kDa
 .protein Fig. 1A . This fraction was separated on a
native gel electrophoresis and the gel strip was sub-
jected to a zymography. As shown in the upper panel
of Fig. 1A, this fraction contained acid protease
activity. The paired lane was put horizontally on the
second dimension of SDS-PAGE as shown in the
lower panel of Fig. 1A indicating that the protease
activity was attributed to the bands around 45 kDa.
These bands were identified as pepsinogen since they
 .were removed by pepstatin-agarose column Pierce
and since they were reduced to about 38 kDa by the
 .treatment with 0.1 N HCl for 1 min data not shown .
When this fraction was incubated with g- 32P-ATP,
a highly phosphorylated band was identified around
 .40 kDa Fig. 1B, lane 2 . As this band was not
visible by Coomassie blue staining of the crude an-
nexin fraction separated on a SDS-PAGE Fig. 1B,
.lane 1 , further purification was performed by follow-
ing the activity of phosphorylation. In the first step,
the activity was passed through DEAE-Sepharose
column in the presence of 150 mM NaCl, 10 mM
 .Hepes pHs7.4 , 5 mM EGTA, suggesting that this
protein was basic. By this procedure, most of
 .pepsinogen was eliminated Fig. 1C, lane 3 . The
eluate was loaded on a Phenyl-Sepharose column in
the presence of 2 mM CaCl and eluted with EGTA,2
a band with phosphorylating activity around 40 kDa
was concentrated enough to be visualized by protein
 .staining Fig. 1C, lane 4 . This protein, designated as
p40 thereafter, bound to CM-Sepharose and was
eluted with 170 to 250 mM ammonium bicarbonate
 .Fig. 1C, lane 5 . This protein could be further
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purified by Mimetic Yellow although it did not be-
 .come single band Fig. 1C, lane 6 .
In order to elucidate the cellular origin of this
protein, isolated gastric cells were prepared from
rabbit gastric mucosa, and separated into parietal
cells and chief cells by Percoll density gradient tech-
nique. The purity of parietal cell was about 75% and
that of chief cell was about 85% based on the cell
number. Each cell fraction was homogenized, sub-
jected to yield crude annexin fractions, and assayed
for the activity of phosphorylation at the position of
40 kDa. It was observed that the specific activity of
the phosphorylation in the crude annexin fraction
from chief cells was 22.3"3.1-fold higher than that
 .from parietal cells mean"S.E.M., Ns3 . This
clearly indicates that p40 is enriched in chief cells.
Using CM-Sepharose fraction, two-dimensional
 .electrophoresis isoelectric focusing and SDS-PAGE
was performed after phosphorylation by radioactive
ATP. However, the protein interest did not get into
the isoelectric focusing gel. Thus, we employed non-
equilibrium pH gel electrophoresis instead of isoelec-
tric focusing, and p40 migrated at the alkaline edge,
 .suggesting its highly basic nature Fig. 2A, arrow .
The phosphorylation was detected at the position
slightly more acidic than the main spot Fig. 2B,
.arrow .
It was possible that p40 belonged to annexin fam-
ily since it was found in the crude annexin fraction.
We examined this by Western blotting using annexin
panel kit. By the screening with anti-annexin I, II, IV,
and VI, it was revealed that the crude annexin frac-
tion contained annexin II and IV, while both migrated
around 35 kDa, showing the different molecular sizes.
3.2. The distribution of p40
In order to obtain antibodies against p40, the band
was cut out from the preparative SDS-PAGE of
CM-Sepharose fraction as an antigen. Although
Balbrc mice were repeatedly immunized with the
material, the titer did not rise at all suggesting that it
was not antigenic in mice. We then immunized three
rats to make polyclonal antibodies. One of the rats
produced antiserum recognizing p40 alone both in
SDS-PAGE and NEPHGErSDS-PAGE two dimen-
 .sional electrophoresis Fig. 2C . This antiserum did
not distinguish phosphorylated form from non-phos-
Fig. 1. Purification steps of p40. A. Two dimensional electrophoresis of the crude annexin fraction. The sample was firstly separated on a
 .native gel electrophoresis and subjected to zymography for acid protease as in Section 2 upper panel . The white portion of the panel
represents acid protease activity. The paired lane from the native gel was put horizontally on the second gel to perform SDS-PAGE and
stained with Coomassie blue. The original sample was also run on the left side of the second gel. Note that the major component of the
fraction is the doublet at the position around 45 kDa, which corresponds to acid protease, namely, pepsinogen. B. The crude annexin
fraction was incubated with 32P-ATP and separated by 12% SDS-PAGE. lane 1, protein staining; lane 2, its autoradiography. C.
Purification of p40. Samples of each purification step were separated by SDS-PAGE and stained for proteins. Lane 3, the flow through of
DEAE-Sepharose; lane 4, phenyl-Sepharose fraction; lane 5, CM-Sepharose fraction; lane 6, Mimetic Yellow fraction. The arrow
indicates the position of p40.
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phorylated one. As the content of p40 in the total
homogenate of gastric mucosa was not detectable by
the antibody, we screened the crude annexin fraction
from various tissues, and found that the heart and the
 .liver contained this protein as well Fig. 3 . Unfortu-
Fig. 2. Identification of p40 and its phosphorylation on a two
dimensional electrophoresis. Partially purified p40 CM-Sep-
. 32harose fraction was incubated with P-ATP and separated by
 .non-equilibrium pH gel electrophoresis NEPHGE as the first
 .  .dimension horizontal and then by SDS-PAGE vertical as the
second dimension. The original sample was run parallel on the
 .second dimension at the left edge. A Coomassie blue staining,
 .  .B autoradiography of gel A, C Western blotting of identical
gel run parallel and probed with anti-p40 antibody. The blotted
membrane was treated with HRP-anti-rat IgG and developed by
diaminobenzidne. The arrowheads indicate the positions of p40.
nately, as this antibody did not seem to recognize the
protein fixed by formaldehyde, it was impossible to
examine the cellular or subcellular distribution of
p40.
3.3. Characterization of p40
During the purification of p40, it was noticed that
the specific activity of the phosphorylation of p40
decreased after CM-Sepharose step. This means ei-
 .ther p40 is kinase but some activating factor s are
 .eliminated, or p40 is a substrate and some kinase s
are eliminated. In order to examine above possibili-
ties, we performed a renaturation assay of kinase.
The CM-Sepharose fraction was separated by SDS-
PAGE, blotted on a PVDF membrane, renatured, and
incubated with g- 32P-ATP. Fig. 4 shows the auto-
phosphorylation of the catalytic subunit of A-kinase
 .lane 1; positive control , the material which bound to
DEAE-Sepharose in the crude annexin fraction lane
. 2; negative control , and CM-Sepharose fraction lane
.3 . The position of 40 kDa of CM-Sepharose fraction
was heavily phosphorylated confirming that the label
of p40 was autophosphorylation.
We then tried to identify phosphoamino acids. By
the ordinary procedure composed of trypsin digestion
and acid hydrolysis, all of the radioactivity was de-
tected in the position of free phosphate without any
 .phosphorylation on Ser, Thr, or Tyr Fig. 5A , sug-
gesting that the phosphoamino acid was acid labile.
In fact, when the phosphorylated material was precip-
itated by 5% trichloroacetic acid, or precipitated by
acetone after the treatment with 100 mM glycine-HCl
 .pHs2.0 , or 250 mM hydroxylamine, the phospho-
rylation of p40 was abolished. On the other hand, the
treatment of the sample with 0.01 N NaOH did not
 .affect the phosphorylation data not shown . There-
fore, it was strongly suggested that the N-phosphoryl
derivative of basic amino acid was formed. The band
of phosphorylated p40 was cut out from the gel,
digested with trypsin, hydrolyzed with NaOH, and
analyzed by two dimensional thin layer chromatogra-
phy. From the results of two kinds of solvent system
shown in Fig. 5B and C, it was demonstrated that the
phosphorylation occurred on histidyl residue and the
position of 3 rather than 1 of the imidazole ring was
preferentially phosphorylated.
It is known that phosphohistidine is a high energy
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Fig. 3. Tissue distribution of p40. Each tissue was obtained from a rabbit, homogenized in the presence of Ca2q, and the materials
 .released by EGTA treatment crude annexin fraction were harvested and separated by SDS-PAGE. The blotted membrane was probed
with anti-p40 antiserum. Lane 1, brain; lane 2, lung; lane 3, liver; lane 4, gastric mucosa; lane 5, kidney; lane 6, antral mucosa; lane 7,
heart; lane 8; gastric smooth muscle; lane 9, blood; lane 10, purified p40.
compound. In order to confirm this, the CM-Sep-
harose fraction was phosphorylated with 32P-ATP,
harvested by acetone precipitation, and incubated with
ADP. The reaction mixture was then developed on a
polyethyleneimine coated cellulose thin layer chro-
Fig. 4. Renaturation assay of p40. The catalytic subunit of cyclic
AMP dependent protein kinase PKA, positive control, lane 1 and
.4 , the material bound to DEAE-Sepharose in the crude annexin
 .fraction negative control, lane 2 and 5 , and partially purified
 .p40 phenyl-Sepharose fraction, lane 3 and 6 were separated by
11% SDS-PAGE, blotted on a PVDF membrane, renatured, and
subjected to phosphorylation with 32P-ATP. Left panel shows its
autoradiography, and right panel shows the protein staining of
identical gel run parallel. Autophosphorylation of PKA as well as
 .p40 indicated by arrowheads was clearly demonstrated.
matography. As shown in Fig. 6, ATP was synthe-
sized from phosphorylated p40 and ADP, suggesting
that the phosphate bond in p40 is high energy, and
supporting that it is phosphohistidine.
3.4. Various factors affecting the phosphorylation of
40K
Factors affecting the phosphorylation of 40K were
investigated by using CM-Sepharose fraction. The
pretreatment with the inhibitors of kinases, i.e., H7
 . C- and A-kinase inhibitor, 1 mM , H89 A-kinase
. inhibitor, 1 mM , heparin G-protein coupled recep-
.tor kinase inhibitor, 50 mM , and A-kinase inhibitor
 .protein 20 Urml , were all ineffective on the auto-
 .phosphorylation of p40 data not shown .
As described above, the phosphorylation of p40
decreased as the purification proceeded from
Phenyl-Sepharose step to CM-Sepharose and to
Mimetic Yellow steps, namely, the purer the fraction
the lower the specific activity. We considered this as
 .some activating protein s were lost during the purifi-
cation step. Thus we added various proteins in the
assay. Among these, Ras protein human recombi-
.nant , H1-histone, and MBP were found to be effec-
tive to activate or to restore the activity. As shown in
Fig. 7, the protein density of p40 in CM-Sepharose
 .fraction A: lane 1 was concentrated several fold
( )T. Urushidani, . NagaorBiochimica et Biophysica Acta 1356 1997 71–8378
Fig. 5. Phosphoamino acid analysis of p40. A. Phosphorylated
p40 was cut out from the gel and hydrolyzed with HCl after
trypsinization. The sample was spotted on a cellulose plate with
 .  .authentic phosphoserine PS , phosphothreonine PT and phos-
 .  .photyrosine PY , and electrophoresed under pHs1.9 I and
 .then pHs3.5 II . The position of the standards was visualized
by ninhydrin, and autoradiography was performed. Note that all
the radioactivity was found at the upper right corner as free
phosphate. B. Phosphorylated p40 was hydrolyzed with NaOH
after trypsinization and analyzed on a two dimensional silica gel
thin-layer chromatography. The plate was firstly developed with
tert-butanol:methylethylketone:acetone:methanol:water:ammonia
 .10:20:20:5:40 I and with isopropanol:HCOOH:water 20:1:5 for
 .the second dimension II . The positions of standards are indi-
cated by H, histidine; PH, phosphohistidine; PR, phosphoargi-
nine; PK, phospholysine; O, origin. C. Another solvent system.
Chloroform:methanol:17% ammonia water 2:2:1 for the first
 .dimension I and phenol:water 75:25 for the second dimension
 .II . The positions of standards are indicated by H, histidine;
PH1, 1-phosphohistidine; PH3, 3-phosphohistidine; O, origin.
 .compared with that in phenyl-Sepharose A: lane 3 ,
while its phosphorylation clearly decreased in associ-
ation with the increase of the purity B: lane 1 vs.
.lane 3 . When MBP was added at 50 mgrml, a
Fig. 6. ATP synthesis from phosphorylated p40 and ADP. Par-
 .tially purified p40 CM-Sepharose fraction was phosphorylated
with 32P-ATP, precipitated with acetone, washed, and incubated
 .  .without Control or with ADP qADP for 20 min. The materi-
als were separated on a thin layer chromatography and subjected
to autoradiography. The position of ATP was identified by
32P-ATP run parallel. Org; the origin of the chromatography.
Fig. 7. Activation of the phosphorylation of p40 by MBP.
 . CM-Sepharose fraction 1 and 2 or Phenyl-Sepharose fraction 3
. 32 and 4 was phosphorylated with P-ATP in the absence 1 and
.  .  .3 or presence 2 and 4 of MBP 50 mgrml . The sample was
separated on a 12% SDS-PAGE, and subjected to protein staining
 .  .A and to autoradiography B . The arrowhead indicates the
 .position of p40. Note that as p40 was concentrated 1 vs. 3 in A ,
 .the activity of phosphorylation was decreased 1 vs. 3 in B and
 .MBP-dependent activation was increased 2 vs. 4 in B . The
broad band around 20 kDa in 2 and 4 in A is MBP.
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Fig. 8. Activation of the phosphorylation of p40 by GDP, Ras, or
MBP. Each graph is a representative of three independent experi-
ments. A: Dose response curve of GDP on the phosphorylation of
p40 using CM-Sepharose fraction. The samples were phosphory-
lated by 32P-ATP, separated by SDS-PAGE and analized by
BAS-2000 imaging analyzer. The density of each band was
 .normalized by the density of control without GDP . B: Time
 .course of the phosphorylation of p40 in the absence squares , or
 .  .presence of MBP 50 mgrml; circles , GDP 1 mM; diamonds ,
 .or Ras 50 mgrml; triangles . C: Time-course of the phosphory-
 . lation of p40 in the absence squares , or presence of MBP 50
.  .mgrml; circles , GDP 1 mM; diamonds or their combination
 .filled triangles . In B and C, the phosphorylation of p40 was
quantified by BAS-2000 imaging analyzer and expressed as the
product of the area and the density of each band after background
 .subtraction arbitrary units .
marked increase in phosphorylation was observed in
CM-Sepharose fraction while almost no effect was
 .noted in phenyl-Sepharose fraction B: lane 2 and 4 .
The phosphorylation was increased by the micro
molar order of GDP, but not ADP. As shown in Fig.
8A, the dose response curve of GDP was bell-shaped
with the optimal concentration being around 0.3 mM,
and GDP over 30 mM decreased the phosphorylation
to the level under the control.
The phosphorylation experiments described above
were performed under the fixed incubation time, 10
min. In the experiment shown in Fig. 8B, the auto-
phosphorylation of control reached a plateau within
 . 30 min, and either Ras 50 mgrml , MBP 50
.  .mgrml , or GDP 1 mM augmented the phosphory-
lation at every time points, the increment at 30 min
being 20 to 50 fold. In the next experiment, 50
mgrml of MBP was included in addition to 0.3 mM
of GDP which gave the maximal increment. As
shown in Fig. 8C, the combination of these two
factors gave higher phosphorylation than that ob-
served in each factor alone, and the effects were
almost additive at the point of 10 min.
3.5. Succinyl-CoA synthetase acti˝ity of p40
In order to determine the partial amino acid se-
quence of p40, the CM-Sepharose fraction was sepa-
rated on SDS-PAGE, blotted to a PVDF membrane,
and the band of p40 was cut out to apply a peptide
 .sequencer Applied Biosystem, 477A . However, no
signals were obtained, suggesting that N terminal of
the protein was blocked. Then the gel piece was
digested by V8-protease within a gel and blotted to a
PVDF membrane. Some bands appeared around 10
kDa were analyzed and some information was ob-
tained from one of them. As shown in Table 1, the
peptide contained a sequence quite similar to a sub-
w xunit of succinyl-CoA synthetase from rat liver 20 ,
w x w xfrom E. coli 21 , or from D. discoideum 24 .
As succinyl-CoA synthetase is known to form a
phosphohistidine as an intermediate, we checked if
p40 possessed succinyl-CoA synthetase activity. Fig.
9 shows a ‘chase’ experiment using CM-Sepharose
fraction. After a 15 min phosphorylation of the frac-
tion with 32P-ATP, 5 mM of cold ATP was added to
Table 1
 .Comparison of the amino acid sequences of a V8-protease fragment of p40 A , a subunits of succinyl-CoA synthetases from rat
 .  .  .mitochondria B , from E. coli C , and from D. discoideum D
 .A Ile-Ile-Leu-Ile-Gly-Glu-Ile-Gly-Gly-Gly-Asn-Ala-
 .  .B Gly-Ile-Val-Leu-Ile-Gly-Glu-Ile-Gly-Gly-His-Ala-Glu- 237–249
 .  .C Ala-Ile-Val-Met-Ile-Gly-Glu-Ile-Gly-Gly-Ser-Ala-Glu- 204–216
 .  .D Gly-Ile-Ile-Leu-Ile-Gly-Glu-Ile-Gly-Gly-Glu-Ala-Glu- 222–234
Protein bands of p40 were cut out from preparative SDS-PAGE and the gel pieces were treated with V8-protease within a gel, separated
by 15% SDS-PAGE, blotted on a PVDF membrane, and one of the bands appeared around 10 kDa was cut out to analyze peptide
sequence by a sequencer. The partial sequence of p40 shows a striking similarlity to the reported sequences of a subunits of
w x w x w xsuccinyl-CoA synthetase from rat mitochondria 20 , from E. coli 20 and from D. discoideum 22 .
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Fig. 9. ‘ATP-chase’ experiment for demonstrating succinyl-CoA synthetase activity of p40. Each panel is a representative of four and
three independent experiments, respectively. A. After a 15 min phosphorylation of the CM-Sepharose fraction with 32P-ATP, water
 .  .  .  .control, lane 1 , 5 mM of cold ATP lane 2 , ATPq100 mM succinate lane 3 , ATPqsuccinateq10 mM CoA lane 4 or ATPq100
 .mM citrateqCoA lane 5 was added to the reaction mixture and incubated for 1 min more. The sample was then separated by
SDS-PAGE and subjected to autoradiography. Note that dephosphorylation of p40 occurred only when both succinate and CoA were
32  .added with cold ATP. B. After a 15 min phosphorylation of the CM-Sepharose fraction with P-ATP, water control, lane 1 , 5 mM of
 .  .  .cold GTP lane 2 , 5 mM of cold ATP lane 3 , ATPq10 mM GDP lane 4 was added to the reaction mixture and incubated for 1 min
more, and processed as described above.
Table 2
Distribution of the activities of succinate dehydrogenase and autophosphorylation of p40 in the membrane fractions from rabbit gastric
mucosa
c .  .Fraction Total protein mg p40 phosphorylation Succinate dehydrogenase SDH p40rSDH ratio
a b .  .Spec. act. Urmg Purification Spec. act. Urmg Purification
1. Total homogenate 1600 22.5 1.0 11.8 1.0 1.0
2. First pellet 560 53.2 2.4 12.7 1.1 2.2
3. Second pellet 415 56.8 2.5 21.5 1.8 1.4
4. Mitochondria-rich 374 50.4 2.2 40.0 3.4 0.66
4-1. EGTA-extract 71 253 11.2 0.3 0.02 473
4-2. EGTA-pellet 336 60.6 2.7 40.7 3.5 0.78
5. Light membranes 6.2 44.0 1.9 6.7 0.57 3.3
d5-1. EGTA-extract 2.2 207 9.2 -0.1 -0.01 )1360
5-2. EGTA-pellet 3.5 15.0 0.7 0.7 0.66 1.0
 .Rabbit gastric mucosa was homogenized with 150 mM NaCl, 2 mM CaCl , 10 mM Hepes-Na pHs7.4 , 0.1 mM phenylmethanesulfony2
 .  .fluoride Fraction 1 and centrifuged at 30 000=g for 20 min. The pellet Fraction 2 was homogenized again with the same buffer and
 .centrifuged. The pellet Fraction 3 was suspended in the same buffer containing 18% Ficoll 400 and centrifuged at 100 000=g for 120
 .  .min. The mitochondria-rich pellet Fraction 4 was homogenized with 150 mM NaCl, 5 mM EGTA, 10 mM Hepes-Na pHs7.4 and
 .  .centrifuged at 100 000=g for 45 min to get the supernatant EGTA-extract, Fraction 4-1 and its pellet Fraction 4-2 . The light
 .  .membranes on the top of the Ficoll layer Fraction 5 was treated with EGTA as above to get EGTA extract Fraction 5-1 and its pellet
 .Fraction 5-2 . Each fraction was assayed for the phosphorylation of 40-kDa protein and for the mitochondrial marker enzyme, succinate
dehydrogenase. A representative of three separate experiments with essentially similar results.
a Phosphorylation of 40-kDa region expressed as arbitrary units based on the pixels in the images on BAS-2000 imaging analyzer.
b   . .Unitsdecrease in OD per min according to the method by Veeger et al. Method. Enzymol. 1969 13, 81–90 .
c Purification rate of p40 divided by that of succinate dehydrogenase.
d The activity was lower than the detection limit.
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the reaction mixture and incubated for 1 more minute.
 .Comparing lane 1 of panel A control with lane 2
 .ATP-chase , it is obvious that no reduction of phos-
phorylation occurred, namely, no dephosphorylation
 .occurred. Neither 0.1 mM succinate A: lane 3 nor
 .10 mM CoA not shown in the figure with cold ATP
affected the phosphorylation. However, when both
succinate and CoA were included in addition to cold
 .ATP, the label disappeared within 1 min A: lane 4 .
When citrate instated of succinate was used, dephos-
 .phorylation did not occur A: lane 5 . This clearly
suggests that p40 has a succinyl-CoA synthetase ac-
tivity. On the other hand, when cold GTP was used
instead of cold ATP after the phosphorylation by
32P-ATP, it abolished the phosphate label of p40
independent on succinate or CoA Fig. 9B, lane 1 and
.2 . In order to explain the phenomena that the
dephosphorylation by GTP is apparently independent
on succinyl-CoA synthetase activity, ATP chase was
performed in the presence of GDP. As shown in Fig.
9B, lane 3 and 4, dephosphorylation of p40 occurred
when cold ATP was added in the combination of 10
mM of GDP. The effects of ATP and GTP were
practically unchanged when the phosphorylation was
 .activated by histone or Ras data not shown .
It has been reported a possibility that there is an
extramitochondrial type of succinyl-CoA synthetase
in addition to mitochondrial enzyme in mammalian
w xtissues 23,24 . We thus purified mitochondria from
rabbit gastric mucosa according to the technique of
w xJarett 25 , and examined their total homogenate and
EGTA extract by kinase assay and by Western blot-
ting. However, it was not observed that the mitochon-
drial fraction was superior to the total homogenate as
 .a sourse of p40 data not shown . As the common
procedure to purify mitochondria consisted of several
steps of homogenization with EDTA-containing me-
dia, it was difficult to compare the yield of p40, a
Ca2q-dependent membrane bound protein, between
the mitochondria-rich and deficient fractions. We thus
prepared a membrane fraction in the presence of
CaCl and separated it by Ficoll density gradient into2
 .the light membranes mitochondria-deficient and the
 .pellet mitochondria-rich , and assessed the activities
of phosphorylation of p40 and a mitochondrial marker
 .enzyme, succinate dehydrogenase SDH for each
 .fraction Table 2 . The activity of mitochondrial suc-
cinyl-CoA synthetase appeared to be detected by our
assay system, since the specific activity of autophos-
phorylation at 40 kDa region increased with the
enrichment of mitochondria. However, the enrich-
ment of SDH was larger than that of p40, resulting
that the p40rSDH ratio was found to be decreased in
the mitochondria-rich membranes. On the other hand,
the membranes deficient of mitochondria also showed
a high specific activity of p40 phosphorylation, and
p40rSDH ratio clearly increased. Furthermore, it is
obvious from the table that either mitochondria-rich
or deficient membranes were extracted with EGTA,
highly active p40, practically free from SDH, could
be obtained. These results clearly indicate that au-
tophosphorylating protein at 40 kDa, possibly the a
subunit of succinyl-CoA synthetase, existed in the
mitochondria-deficient membrane fraction as well as
in the mitochondria-rich fraction. It is also obvious
that p40 released by EGTA was not associated with
the release of the mitochondrial enzyme. This further
supports the possible existence of extramitochondrial
origin of p40.
4. Discussion
In the present study, it is revealed that a 40-kDa
protein with autophosphorylation activity on its histi-
dine residue, p40, exists in the Ca2q-dependent mem-
brane bound protein fraction of rabbit gastric mucosa.
From the results that the protein possessed succinyl-
CoA synthetase activity as shown in Fig. 8, and that
it had a similar amino acid sequence to the a subunit
of succinyl-CoA synthetase of the rat liver mitochon-
dria, it should be highly possible that p40 is succinyl-
CoA synthetase a subunit or its homologue. The
 .isoelectric point p I of the holo-enzyme of succinyl-
w xCoA synthetase is reported to be 5.2 to 6.4 23 ,
while no pI data are available for each subunit. We
thus calculated pI value of the a subunit of succinyl-
CoA synthetase of the rat liver mitochondria accord-
w xing to the reported sequence 20 by a computer
 .program GENETIX-MAC and obtained a value of
9.65. This is consistent with the highly basic nature
of p40 such that it migrates at the alkaline edge of
NEPHGE gel. However, it is difficult to conclude
that p40 is the a subunit of mitochondrial succinyl-
CoA synthetase, since the distribution of p40 is not
parallel with the amount of mitochondria in the gas-
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tric glands, i.e., it is enriched in chief cells rather than
parietal cells, while the mitochondrial contents are
much higher in the latter than the former, and since
p40 is released by EGTA from the mitochondria-defi-
cient membrane fraction of gastric mucosa. There-
fore, a likely scenario is that p40 protein is an
extramitochondrial succinyl-CoA synthetase or its
homologue.
w xIt was reported by Anschutz et al. 6 that the
plasma membranes of Dictyostelium discoideum con-
tained a 36-kDa phosphoprotein whose phosphoryla-
tion was activated by micromolar level of GDP. The
phosphorylation level of the protein was reported to
be different between the life stages of the organism.
This protein was afterwards shown to be phosphory-
lated on histidine residue with an activity of succinyl-
w xCoA synthetase 8 . At that time, Schwandner et al.
w x7 identified a 38-kDa protein whose phosphoryla-
tion was augmented by chemotactic stimulation, by
cyclic AMP or by growth, in the crude mitochondrial
fraction of Dictyostelium discoideum, and showed
that its phosphorylation site was histidyl residue and
it also had a succinyl-CoA synthetase activity. The
latter authors postulated that their 38-kDa protein was
identical to the former authors’ 36-kDa protein, since
both proteins shared common properties, e.g., auto-
phosphorylation was stimulated by GDP. They sug-
gested that the protein was derived from mitochon-
dria and considered it as an indicator of the energy
w xlevel of the cell. Recently, Birney and Klein 22
cloned this protein and showed that it had a mito-
chondrial targeting signal. Therefore, it could be
almost established that 36- or 38-kDa protein of
Dictyostelium discoideum is the a subunit of GTP-
utilizing mitochondrial succinyl-CoA synthetase.
The phenomenon that the succinyl-CoA synthetase
activity is stimulated by GDP has been explained by
the possible contamination of nucleoside diphosphate
w xkinase 26 . Namely, mitochondrial succinyl-CoA
synthetase prefers GTP rather than ATP as a sub-
strate. When ATP is used as a substrate, added GDP
is converted to GTP, a better substrate, by nucleoside
diphosphate kinase, resulting an apparent activation
of the reaction. In the case of the succinyl-CoA
 .synthetase of Dictyostelium discoideum 36 kDa , it
was suggested that GDP allosterically affected the
w xenzyme to increase its autophosphorylation 11 .
However, the same authors expressed a negative
opinion about the exclusion of the involvement of
nucleoside diphosphate kinase in the recent paper
w x22 .
It could be reasonable that the autophosphorylation
of p40 is dephosphorylated by ATP depending upon
succinate plus CoA, considering it as succinyl-CoA
synthetase, while it appears strange that dephospho-
rylation is elicited by GTP alone. There are two
 .possible explanations: the unknown protein s in the
fraction is activated by guanine nucleotide to work as
a phosphate acceptor, or GDP contaminated in GTP
is the acceptor. In the present experiment, it was
shown that cold ATP could dephosphorylate p40 in
the presence of 10 mM of GDP independent on
succinyl-CoA synthetase activity. This clearly indi-
cates that GDP could act as a phosphate acceptor. In
the case of the succinyl-CoA synthetase of Dic-
 .tyostelium discoideum 36 kDa , it was shown that a
high concentration of GDP could be working as a
w xphosphate acceptor 11 , supporting our conclusion.
The activation of autophosphorylation by Ras pro-
tein could be explained by the involvement of GDP
and nucleoside diphosphate kinase as well. The hu-
man recombinant Ras protein preparation was puri-
fied by methanol precipitation before use. However,
it is difficult to assure that the preparation is GDP-free
considering the high affinity of guanine nucleotides
to Ras. If 1 mole of GDP bound to 1 mole of Ras, 50
mgrml of Ras was equivalent to about 2 mM GDP,
which was sufficient for activation. It is still ques-
tionable if GDP tightly bound to Ras is available for
nucleoside diphosphate kinase to supply sufficient
amount of GTP. At any event, there should exist
protein-protein interactions since MBP could further
activate the phosphorylation of p40 which was maxi-
mally activated by GDP.
From the present data, our p40 is considered to be
a mammalian homologue of succinyl-CoA synthetase
 .of D. discoideum p36 . In mammalian cells, Moto-
w xjima and Goto 9,10 found a histidyl-phosphorylated
protein of 36 kDa, which was induced by perox-
ysome proliferator in the membrane fraction of rat
liver. Similarly to ours, the phosphorylation of this
protein in vitro was activated by GDP or Ras protein
w x9 . Although they did not consider it as autophospho-
rylation, but a substrate for unidentified histidine
w xkinase 10 , there seems to be no contradiction if their
36-kDa protein is a homologue of our p40, i.e., they
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observed autophosphorylation. We do not know at
present if their protein exists in the gastric mucosa,
while p40 exists in the liver. In the mammals, it has
been suggested that there exists extra-mitochondrial
w xtype of GTP-utilizing succinyl-CoA synthetase 24 .
It is thus highly possible that ours and theirs are
identical, namely, the a subunit of extra-mitochon-
drial succinyl-CoA synthetase.
The physiological role of p40 in the rabbit is
totally unknown at present. The distribution of p40 is
the liver, the heart, and the chief cells in the stomach,
suggesting no common physiological functions. It is
feasible that the protein involves in some organ-
specific functions rather than the simple indicator of
the energy level related to TCA cycle. In this connec-
tion, it is suggestive that p40 was purified from the
crude annexin fraction, the proteins bound to the
membrane depending on Ca2q, although it is not
clear whether p40 directly binds to the membrane or
binds to another protein which binds to the mem-
brane depending on Ca2q. It was shown that the
phosphorylation of p38 in Dictyostelium discoideum
was markedly increased by the elevation of intra-
2q w xcellular Ca 7 , and that the membrane associated
36-kDa protein in the rat liver membrane was easily
w xsolubilized by EDTA 10 . Furthermore, the fact that
the autophosphorylation was augmented by Ras or
basic proteins suggests a complex regulation of the
activity in the cell. More work is clearly necessary to
elucidate the physiological function and the structure
of this interesting protein, p40.
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